toward adulthood disease [1] . This concept, known as intrauterine programming, stems from the work of David Barker (the "Barker Hypothesis") who described an increased incidence of cardiovascular disease in association with low birth weight in humans [2] .
Epidemiologic studies have shown links between IUGR and adulthood obesity, diabetes, cancer and neurodegenerative diseases such as Alzheimer's disease [3] [4] [5] [6] [7] [8] . Animal studies in multiple species have confirmed the association of IUGR (often produced by maternal under nutrition; UN) with low birth weight offspring which develop adult obesity [9] and metabolic syndrome. Furthermore, low birth weight offspring also display an array of neurologic, cognitive and behavioral abnormalities including increased food intake [10] . These findings raise the question as to whether there is a common fetal factor associated with both obesity and neurologic disease.
Studies from our laboratory have confirmed that maternal UN impairs fetal neuro progenitor cell migration, proliferation and differentiation [3] in association with altered hypothalamic development [4] . In view of these results, it is possible that maternal UN-induced low birth weight affects offspring brain development in a way that may predispose towards adult neuropathology.
To assess the neuro-molecular factors induced by maternal UN our present work utilized microarray based approach to examine the global transcriptome of the developing hippocampus. We found several genes that were either up or down-regulated in low birth weight pups. Neurogenin1 (Ngn1) was among those genes which were down-regulated. Ngn1 plays a central role in neuronal differentiation. It is a member of the neurogenins which are a family of basic helix-loop helix (bHLH) transcription factors essential in sensory neuronal development. Ngn1 specifically acts as a neuronal differentiation regulator, binding and enhancing the expression of genes that encode transcriptional regulation of neurogenesis. Our results demonstrated alterations in Ngn1 and its upstream regulator Notch1, which may represent the mechanistic pathway underlying evidence of reduced hippocampal neurons.
Abstract
Maternal undernutrition (UN) in rats inhibits neurologic development in offspring. To investigate these alterations we compared hippocampal global gene expression profiles of UN and control newborn pups. Whole transcriptome microarray analysis revealed significant changes in the expression of several genes including Neurogenin1 (Ngn1), a known neuro developmental regulatory factor. Expression of Ngn1 in the UN hippocampus was nearly 70% reduced. Western blot analysis using antibodies against Ngn1 protein, also showed more than a 50% decrease in the protein expression of Ngn1 in the hippocampus of UN newborn pups. Previously it was demonstrated that Ngn1 expression may be controlled through Notch pathway feedback inhibition. Accordingly, we found that Notch 1 protein expression demonstrates significant increase in UN newborn hippocampus compared to controls (CNTR 95.7 ± 28.0, UN 198.8 ± 66.8, P < 0.05). Analysis of neuronal cell counts using NeuN immunohistochemistry did not show a decrease in newborn pyramidal cells in UN pup hippocampus compared to controls. However, when NeuN immunohistochemistry was performed on postnatal day 21 (P 21 ) pups, there was a statistically significant decrease in pyramidal cell numbers that was specific to the CA2/3 region (CNTR 180 ± 14, UN129 ± 3, P < 0.05). These data indicate that maternal UN causes a global reduction in offspring Ngn1 production and expression which may be linked to Notch1 inhibition. This, in turn, may lead to decreased neuronal number or altered regional distribution of hippocampal neurons.
Introduction
Maternal undernutrition in humans may result in intrauterine growth restricted (IUGR) offspring, which exhibit a predisposition 
Materials and Methods
Intrauterine growth restricted rat model and tissue processing Our maternal UN model was used as previously described [5] . Briefly, first-time pregnant Sprague Dawley Rats (Charles River Laboratories, Hollister, CA) were housed in a facility with constant temperature and 12 hour light to dark cycle. Rats were fed either a standard diet of normal laboratory chow or a 50% reduced quantity diet of the same laboratory chow. This diet was initiated from pregnancy day 10 and continued until delivery. Both control and UN dams were fed congruent diets of normal laboratory chow before this time period. The rat pups were allowed to deliver normally. On the day after delivery, litters were limited to four males and four females, which were nursed by ad libitum fed dams. Pups in excess of eight per litter were sacrificed on postnatal day 1 (P 1 ). P 1 male offspring were sacrificed by rapid decapitation and whole brains were removed. The hippocampi were then dissected from twelve P 1 pups (six UN and six control; one pup per litter) and stored at -80° for mRNA and Western blot studies. Total RNA was extracted using acid phenol extraction and the concentration and quality of RNA was determined using Nanodrop spectrophotometer and confirmed on Agilent bioanalyzer. For immunohistochemistry studies, additional animals were studied as follows: whole P 1 (3 UN and 3 control) and P 21 (4 UN and 4 control) brains were dissected, separated from the spinal cord after decapitation and quickly frozen at -80 o C.
RNA isolation, amplification and labeling
For microarray gene expression experiments, four UN and four control (one pup per litter) was male P 1 pups were used. Total RNA was extracted using acid phenol extraction (Trizol LS; GIBCO/ BRL). The concentration and quality of RNA were determined using the Nanodrop spectrophotometer and confirmed on the Agilent Bioanalyzer. Agilent Whole Rat Genome microarrays were used for comparisons between UN and normal control hippocampal transcriptomes. Five hundred nanograms of total RNA were used for one round T7-based amplification and labeling protocol (Agilent Linear Amplification Kit PLUS). Dye incorporation efficiency was checked with an ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE) and the Agilent Bioanalyzer 2100. Each microarray replicate was repeated twice with dye flip to correct for unequal dye incorporation rates. Therefore, eight microarray hybridizations were performed in total. Raw microarray data were acquired using the Agilent DNA Microarray scanner and processed with the accompanying Agilent Feature Extraction 10.5 Image analysis software using default settings (see MIAME report). Global lowess normalized signal intensities were used to identify gene expression changes in IUGR hippocampus. For the identification of differential expression, the genes were required to pass two conservative criteria: a ratio beyond the 95% confidence interval observed in homotypic comparisons, which corresponded to an approximately 1.5-fold expression change, and a paired t-test (P < 0.01) [6] [7] [8] . (Please see statistical analysis under results for more details).
Western blot analysis
Western blots were performed as previously described 5 using six UN and six control (one pup per litter) male rats. Briefly, previously frozen P 1 hippocampal tissue was weighed and sonicated in protease inhibitor cocktail with hypotonic buffer. Using supernatant from these sonicated samples and Pierce BSA albumin standard curve, protein concentrations were calculated and samples containing approximately equal amounts of protein concentrations were loaded. These proteins were separated by Tris-HCL gel and transferred to PVDF membranes. The membranes were incubated overnight in either primary anti-body with blocking buffer of 1) rabbit antirat Ngn1 (1:1000 Goat anti-rat Santa Cruz Biotechnology, Inc) or 2) mouse anti-rat Notch1 (1:250 Mouse anti-rat Invitrogen Corporation). In all cases there was equal protein. They were then conjugated to the appropriate secondary antibody (either goat antirabbit or anti-mouse Bio Rad Laboratories, Inc). Signal was captured using chemiluminescence (Amersham ECL Kit). Immunoblots were imaged by scanning autoradiographs using Umax GS800 Calibrated Densitometer and Quantity One program. Resulting raw pixel density values were imported into Microsoft Excel for statistical analysis (Please see statistical analysis under results for more details).
Immunohistochemistry
Immunohistochemistry was performed as previously described [9] . Briefly, sagittal slices of P 1 (3 CNTR and 3 UN) and P 21 (4 CNTR and 4 UN) cortex containing hippocampus were mounted on Vectabondcoated glass slides and stored at -80°C. The slides were then prepared by first washing three times with 0.1 M TBS (with 0.5% triton, TBST). Each slide was then blocked for nonspecific binding with 10% donkey serum in TBST for 2 hours at room temperature. They were then incubated overnight with primary antibody for Neu N (1:250) with TBST at -4°C. The slides were again rinsed three times with TBST and incubated for 2 hours in the appropriate secondary antibody (1:125) with 10% donkey serum-TBST at room temperature. The slides were them washed three times with TBS and the signal was detected by Vector anti-fade medium. All sections were examined and digital images taken using Zeiss microscope (Axioskop) equipped with a Zeiss digital camera (Axiovision). Neurons from specific hippocampal regions were then manually counted for statistical analysis. Statistical significance was determined using a two-tailed student's test assuming unequal variance with significance determined by P < 0.05. (Please see statistical analysis under results for more details).
Results

UN hippocampal transcriptome
To test if UN alters the global transcriptome of the developing rat brain and identify potential regulatory factors involved, we used microarray based approach to investigate global hippocampal gene expression. Microarray data analysis revealed that a limited number of genes are specifically altered in the UN hippocampus with 18 known genes (Table 1 ) and 16 expressed sequence tags (ESTs). Only one gene, Ngn1, represented a known regulatory protein involved in hippocampal neuronal development. Ngn1 demonstrated a near 2-fold decrease on microarray analysis in the UN hippocampus compared to normal controls.
To confirm that this decreased expression of Ngn1 mRNA translated into decreased Ngn1 protein expression, we performed Western blot analysis of hippocampal tissue in both control and UN P 1 rat pups. We observed a marked difference in Ngn1 protein production in UN pups compared to controls ( Figure 1A ). When these data were normalized to β-tubulin, similar to our microarray data, we observed a 50% decrease in Ngn1 protein production in UN pups compared to controls.
Also of note, tryptophan hydroxylase, an enzyme integral in serotonin (5HT) synthesis, similarly showed a greater than 2 fold (2.3) decrease on same microarray analysis when compared to controls (Table 1) . Serotonin plays a key role in human affect disorders, including chronic depression [10] , as noted in the discussion below.
Notch pathway is altered in UN rat hippocampus
Ngn1 is controlled by lateral inhibition through the Notch pathway [11] . To establish evidence of this control in UN pups, we performed Western blot analysis of hippocampal tissue from UN and control rats using Notch1 primary antibody. Figure 1B shows nearly a two-fold increased Notch1 production in UN pups compared to controls.
Neuronal cell distribution is altered by UN in P 21 pups
Immunofluorescence targeting NeuN antigen were performed on hippocampal sections of both UN and CNTR P 1 and P 21 all males. Staining was used to identify neurons for quantitation of total hippocampal neurons, and regions CA1, CA2/3, and dentate gyrus. Maternal UN did not significantly alter neuronal cell number and distribution in any specific hippocampal region of P 1 pups ( Figure  2 ). However, in P 21 pups there was a statistically significant decrease in neuronal number in the CA2/3 region of UN pups compared to controls (Figure 3 ).
Statistical analysis
Identification of mRNA differential expression required that all the genes pass two conservative criteria: a differential expression of mRNA beyond the 95% confidence intervals compared to other homotypic genes. This 95% confidence interval corresponded to a 1.5 fold change in mRNA expression. The second criteria required that the differential compared between homotypic genes was a statistically significant difference of P < 0.01 using a paired t-test.
The Western blot data included mean values of neurogenin 1 and Notch 1 protein for control and UN pups. A two-tailed student's t-test assuming unequal variances was used to determine a difference in the mean values between the groups (P < 0.05).
For immunohistochemistry, the total number of cells stained for NeuN in the hippocampus and each sub region (CA1, CA2/3, dentate gyrus) was manually counted and recorded, and the mean values calculated. A two-tailed student's t-test assuming unequal variance was used to determine if there was a statistical difference in mean values between the groups (P < 0.05)
Discussion
Maternal undernutrition induced a definite effect on neuronal gene expression in the newborn rat brain. Our data shows that Ngn1 production (a neuronal progenitor determining factor) is downregulated by nearly two-fold in maternal UN pups. These alterations in Ngn1 are reflected at both the genomic level (as demonstrated by microarray analysis) and at the cellular level (as seen in our Western blot expression).
To examine the mechanism for the decreased production of Ngn1, we explored the expression of Notch1, a factor implicated in partial control of Ngn1. Western blot expression demonstrated up regulation of Notch1 in the hippocampus of maternal UN pups compared to controls. These data suggest that decreased hippocampal neuronal cell expression of Ngn1 in response to maternal UN may be partially tied to the Notch pathway. Most importantly, when we examined actual hippocampal pyramidal cell quantification, we observed a decreased number of these cells in the CA2/3 region at P 21 . In sum, these data suggest a potential for altered neuronal function and brain development in response to maternal UN and offspring low birth weight. In our study we focused our analysis on Ngn1, part of a super family of basic-helix-loop-helix proteins responsible for determination of neurologic cell fate [12, 13] , Other members of this family include Neurogenin 2 (Ngn2) and Neurogenin 3 (Ngn3) which are determining factors for epibranchial placode-derived sensory neurons and endocrine cell lines of the pancreas, respectively [14] [15] [16] . Ngn1 is expressed throughout the central and peripheral nervous systems. It is specifically found in the embryonic and prenatal hippocampus, proximal cranial nerves and sensory ganglion where it is essential for the determination of neuronal progenitor cells [15, 17, 18] . Our results clearly show that maternal UN-induced inhibition can be seen at various levels of Ngn1 production, from transcription to translation. As our microarray and Western blot analysis is of hippocampal tissues harvested from P 1 rats, the resultant decreases in Ngn1 production are clearly due to intrauterine influences, specifically maternal and thus fetal nutrient restriction. We postulate that alterations in Notch1 pathway leads to down-regulation of Ngn1 in UN rat pups. Combined with evidence that intrauterine growth restriction is associated with reduced hippocampal volume in mice and reduced hippocampal neurons in guinea pigs [19, 20] , our findings of decreased neuronal number in the CA2/3 region of UN pups strongly suggests that low birth weight may result in altered hippocampal development.
The effects of food restriction are believed to be a diverse phenomenon affecting multiple organs and organ systems in fetal development [21] [22] [23] [24] [25] [26] . The nervous system would not seem to be immune to these effects. Furthermore, there is growing support from epidemiologic studies that one of the components of the metabolic syndrome, specifically obesity, is directly linked to the development of dementia [27] [28] [29] The mechanistic connection between obesity and dementia is not fully understood, though it is generally accepted that obesity causes hyperinsulinemia, glucose intolerance and diabetes, all of which are risk factors for dementia [30] . These are also risk factors for peripheral vascular disease and potentially cerebral vascular disease which itself may have a direct action on the amyloid cascade increasing the progression of amyloid deposition [31] . Cerebral vascular disease may also work in conjunction with amyloid deposition by directly damaging brain tissue leaving the individual more susceptible to or with a decreased threshold for the development of dementia because of decreased neuronal reserve [32] . In fact, large vessel cerebral vascular disease increases the frequency of neuritic plaques seen in Alzheimer's disease [33] .
The decreased expression of tryptophan hydroxylase noted in our microarray analysis also poses an additional potential effect in neuronal development and intrauterine programmed predisposition to other adult neurologic disease, specifically affect disorders. Both anxiety-like and depressive-like behaviors are increased in the offspring of UN rats as exhibited by risk averse activities [34, 35] . Morgese et al. showed that 5HT appears to be central to these processes in these offspring. Low synaptic 5HT levels are seen in patients that exhibit anxiety and depression disorders. Increasing the synaptic levels of 5HT, as with selective serotonin reuptake inhibiting drugs alleviate these symptoms and are well established management strategies of these conditions in humans. As tryptophan hydroxylase is the enzymatic rate limiting step in 5HT synthesis, it would follow that low levels of the enzyme as seen in our microarray analysis in our UN pups may predispose to these offspring to anxiety-like and depressive-like disorders as seen in humans With regards to our Ngn1 and Notch data, despite this widely accepted pathway, our results suggest an additional mechanism linking obesity and Alzheimer's disease, with both attributable in part to the fetal nutrient environment. Our findings of maternal UN-induced down-regulation of Ngn1 through Notch1 inhibition is an important step towards possible understanding of pathologic neurologic development and a potential means of prevention through proper maternal nutrition throughout pregnancy.
